1. Repeatability of measurements of arterial compliance and flow-mediated dilation of the brachial artery has been infrequently reported, despite increasing use in interventional and risk-factor modification studies. Furthermore, little is known about the interrelationships of the various indices. The purposes of this study were to determine the repeatability and interrelationships of a range of arterial indices.
INTRODUCTION
A number of parameters of large arterial structure and function can be measured non-invasively and are increasingly used as surrogate markers of vascular disease [1] [2] [3] [4] [5] [6] [7] [8] . Measurement of carotid arterial intima-media thickness (IMT) by B-mode ultrasound has been employed in case-control, population and intervention studies [5, [9] [10] [11] [12] [13] [14] . Carotid arterial IMT correlates well with most cardiovascular risk factors [15] and, in population studies, increasing carotid arterial wall thickness (IMT and plaques) has been associated with worsening coronary artery disease [16, 17] .
A wide variety of non-invasive techniques are employed to assess arterial function. These include measurements of pulse wave velocity [3] , augmentation index (AI) [4, 18] , systemic arterial compliance [1, 8, 19] , carotid arterial compliance [7, 8] and brachial artery flowmediated dilation (FMD), a newer ultrasound method employed to assess predominantly endothelium-dependent artery wall function [6, [20] [21] [22] [23] [24] [25] .
Computer-assisted image capture and waveform analysis of these various functional indices, and of IMT, has improved the objectivity and accuracy of such measurements. However, there is surprisingly little quality control data published on the repeatability of these functional indices. Moreover, little is known about the interrelationships of the different indices of arterial function and of their relationship to IMT. In this study we examined the repeatability and interrelationships of these measurements in a large group of normal men and women over a wide age range. From the data we have constructed sample size tables to guide future clinical trials which measure these indices using similar techniques.
SUBJECTS AND METHODS
Fifty healthy volunteers, 20 male and 30 female, aged between 20 and 70 (mean 46n5) years, participated in the study. Subjects were recruited from responders to advertisements placed in local newspapers and hospitals Table 1 Comparison of group data at each of the study visits Values are meanspS.D. NS, not significant.
Visit 1 Visit 2 P value
Heart rate (beats/min) 66p9 6 6 p10 NS Body mass index (kg/m 2 ) 2 4 n7p4n1 2 4 n7p4n2 N S Waist/hip ratio 0n8p0n1 0 n8p0n1 N S Exercise level (h/w) 2n6p3n6 3 n2p3n7 N S Alcohol intake (g/w) 72n7p89n3 113p68 NS Systolic blood pressure (mmHg) 121p13 118p11 P l 0n001 Diastolic blood pressure (mmHg) 71p9 6 9 p8 P l 0n002 calling for healthy volunteers. Consent was obtained from each subject after full explanation of the purpose, nature and risk of all procedures used. The research was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association, and has been approved by the Monash University Research and Ethics Committee. All subjects were non-smokers and non-hypertensive, and were free of cardiovascular disease as determined by medical history. The characteristics of the study population are given in Table 1 . Subjects were advised to avoid caffeine intake for 8 h before the study and to maintain their usual lifestyle (diet, alcohol intake and exercise level) between studies. Studies were performed in a clinical research laboratory at constant temperature (20-22 mC) with the subjects wearing a hospital gown. All procedures were undertaken in silence so as to minimize external stimuli. Subjects lay supine with a pillow under the head during carotid arterial imaging and without a pillow during arterial compliance measurements. The same protocol for measurements was used in all subjects in the following sequence : carotid IMT on both sides and M-mode carotid diameter on right carotid artery only, total systemic arterial compliance (SAC), pulse wave velocity from aorta to femoral artery [PWV(A-F)], pulse wave velocity from femoral to dorsalis pedis artery [PWV(F-D)] and finally FMD. Echocardiography was used for aortic root diameter measurement. ECG was monitored and recorded during the whole procedure. Each subject was studied on two occasions using the same protocol by the same investigators at a mean interval of 2n5 (range 1-4) weeks.
Carotid IMT and carotid arterial compliance
An imaging study of the common carotid arteries was performed using a high-resolution ultrasound machine (Diasonics DRF-400, U.S.A.) and a hand-held transducer with 7n5-MHz central frequency (7n5-SPC mechanical sector transducer). A region 1n0 cm proximal to the origin of the bulb of both the right and left common carotid artery was identified by B-mode ultrasonography. This region has been demonstrated to provide the most reproducible results when measurements are performed in more than one direction [26] . The transducer was manipulated such that the near wall of the carotid artery was parallel to the transducer footprint and the lumen maximized in the longitudinal plane. An Mmode recording was made with the M-mode cursor perpendicular to the vessel wall. Three images of each Bmode and M-mode in different directions (anterior, lateral, medial) were recorded and the images digitized and saved on computer via a customized computer program that has been described previously [7, 8] . Brachial blood pressure recordings were taken at 5-min intervals throughout the period of ultrasound imaging using a Dinamap device (CRITIKON 1846 SX).
A B-mode scan of an artery is characterized by two echogenic lines (known as leading edges) separated by a hypoechogenic space. Based on the work of Pignoli et al. [27] it has become accepted, although not without challenge [28] , that the outer line corresponds anatomically to the media-adventitial interface. It is generally agreed that the inner line corresponds to the luminalintima interface. The distance between the two lines thus represents the IMT. The common carotid artery IMT and carotid diameter changes for assessing carotid compliance were analysed as described previously [7, 8] . In brief, each image was recalled (magnificationi5) and the distance between two successive R waves was determined from the ECG tracing. A 1-cm longitudinal segment of the common carotid artery image was divided into 10 equal sections using a computer-generated grid, and the measurer was able to select lumen-intima interfaces for the near and far walls of the carotid artery by positioning an electronic cursor over the grid intersection point. All measurements were automatically transferred and saved in a database (Quest for Windows, version 2.1.0, 1993). Means of IMT measurements for the far wall of both sides of common carotid arteries were used for the data analysis in this study.
Two parameters were estimated from the above results : (1) common carotid IMT was determined for each subject as the mean of 30 readings from the far wall of each carotid artery ; (2) distensibility coefficient (DC) was determined as the relative increase in cross-sectional area for a measured change in blood pressure according to the following formula :
where ∆d is carotid internal diameter change between systole and diastole, ds is carotid systolic diameter and ∆P is pulse pressure.
SAC
SAC was estimated using the ' area method ' which requires measurement of volumetric blood flow and associated driving pressure to derive an estimated compliance over the total systemic arterial tree, as described previously [1, 8, 19] (Figure 1 ). A hand-held Doppler flow velocimeter (Multidoplex MD1, Huntleigh Technology, Cardiff, U.K.) placed on the suprasternal notch at the base of the neck was used to estimate arterial blood flow. Aortic driving pressure was estimated by applanation tonometry of the right common carotid artery using a non-invasive pressure transducer (Millar Mikro-tip, Millar Instruments, Houston, TX, U.S.A.). Doppler flow and pressure traces were recorded continually for 2 min and analysed over 10 cardiac cycles using purpose written software. Blood pressures, derived from carotid waveforms, were calibrated against diastolic and mean brachial artery blood pressure measurements from the left arm using a Dinamap device (CRITIKON 1846 SX). SAC was calculated according to the formula :
where R is total peripheral resistance calculated as mean arterial blood pressure\mean blood flow and A d l area under the diastolic portion of the pulse pressure contour. P es l end-systolic aortic blood pressure and P d l enddiastolic arterial blood pressure ( Figure 1 ). Mean systolic blood flow was calculated as mean velocity times aortic root area [1] .
Pulse wave velocity
Pulse wave velocity was determined over both the trunk [PWV(A-F)] and lower limb [PWV(F-D)]. Continuous pulse-pressure wave signals were recorded with two tonometers (Millar Mikro-tip, SPT-301) positioned at both the base of the right common carotid artery and over the femoral artery, or over the femoral artery and the ipsilateral dorsalis pedis. Distances from the carotid sampling sites to the manubrium sternum, manubrium Pi is the augmentation point defined mathematically (see text). PP is the pulse pressure and ∆P the difference between the inflection point and the peak systolic pressure. Augmentation index is determined by the formula : AI l (∆P/PP)i100, with values being positive (A), zero (B) or negative (C) depending on whether Pi occurs before, at or after the peak pressure.
sternum to femoral artery, and femoral artery to dorsalis pedis were measured as straight lines between these points on the body surface with a tape measure. The low point of the pulse wave was defined as the point of intersection of the end of diastole and beginning of systole which was identified as the maximum of the first derivative at the pressure signal. The time between the feet of simultaneously recorded waves was determined as the mean of 10 consecutive cardiac cycles, which has been described previously [2] . PWV was calculated from the distance between measurement points and the measured time delay (∆t) as follows :
where D is distance in metres and ∆t is the time interval in seconds.
Carotid artery AI
The same carotid blood pressure waveforms used for determination of SAC were also analysed to identify the ' shoulder ' and ' peak ' of the waves [4, 18] . The carotid AI was calculated as the ratio of the pressure difference between the shoulder of the wave and peak systolic pressure (∆P) and the pulse pressure (PP) according to the formula : AI l (∆P\PP)i100. The augmentation point (Pi) was reliably identified mathematically as the first zero-crossing from positive to negative, after the beginning of systole, of the third derivative of the pressure waveform. The value for AI was defined as positive or negative depending on whether Pi occurred before or after the peak pressure ( Figure 2 ).
Brachial artery flow-mediated dilation
Paired measurements of FMD were made in 30 subjects (10 male and 20 female), mean age 44 (range 23-69) years. The brachial artery diameter was measured from B-mode ultrasound images, using the same Diasonics DRF-400 ultrasound machine as for the carotid imaging but with a 10-MHz mechanical sector transducer. To obtain clearer images, a 2-cm thick water bag was placed between the transducer and skin. The brachial artery was scanned in longitudinal sections 1-6 cm above the elbow. Once a satisfactory position was found, the investigator kept that same position throughout the study. Ischaemia was induced by inflation of a pneumatic tourniquet placed around the upper arm to a pressure of 40-50 mmHg greater than resting systolic blood pressure and maintained for 4 min. Scans were taken continuously for 30 s before and 4 min after cuff deflation and recorded on videotape.
Measurements were taken from anterior to posterior wall at both systole, incident with the T wave, and enddiastole, incident with the R wave on a continuously recorded ECG. Measurements of diameter were taken before ischaemia and at 20, 40, 60, 80, 100, 120, 180 and 240 s after deflation of the cuff. Three cardiac cycles were analysed for each time point. Brachial FMD was determined as the percentage change from baseline to 60 s after release from ischaemia, the point of maximum dilation.
Statistical analysis
Statistical analysis was performed using Microsoft Excel 97 and SPSS version 7 for windows software programs. Data are reported as meanspS.D. Student's paired t-test was used to determine the significance of differences between visit 1 and visit 2 for all parameters. Differences were considered significant when P 0n05. Mean (pS.D.) differences for AI were recorded as absolute values. The results of paired measurements were analysed for repeatability as recommended by Bland and Altman [29] and presented graphically. Repeatability coefficients (RC) were calculated using the formula
where Di is the absolute difference between measure- The values for repeatability coefficients (RC) are shown for each measurement ments taken at visit 1 and visit 2, and n is number of measurements [29, 30] . Coefficients of variation (CV) were calculated as CV l (S.D.\µ)i100, where S.D. is the standard deviation of mean visit 1 and visit 2, and µ is the average of visit 1 and visit 2. To determine comparability and interrelationships, linear regression analysis was performed between all parameters.
Construction of trial sample size tables
Sample size tables for clinical trials were constructed according to the variances estimated for each of the study variables. Sample size was calculated using SigmaStat for Windows version 1.0, with S.D. of mean (betweensubject variance) for parallel design and S.D. of the difference between visits (between visits within-subject variance) for cross-over design calculation assuming a power of 0n80 (α l 0n050).
For paired t-test σ δ l N2iσ within

For unpaired t-test
where σ δ is S.D. for determining sample size ; σ within is the S.D. of within-subjects ; σ between is the S.D. of between-subjects ; ρ is the Pearson correlation coefficient between the values of the outcome measured on the two occasions [31] .
RESULTS
There were no significant changes between the two visits in body mass index, waist\hip ratio, exercise level, alcohol intake or heart rate but mean brachial artery blood pressure was lower on the second occasion by 3 mmHg (systolic) and 2 mmHg (diastolic) ( Table 1) . Table 3 Interrelationships of indices of arterial structure, function and age * P 0n05 ; ** P 0n01 ; *** P 0n005 ; **** P 0n001. NS, not significant. 
Repeatability
There were no significant differences within each pair over the range of measurements for any of the variables. The results of paired t-tests, correlation coefficients of linear association between variables and coefficients of variation are shown in Table 2 . Bland-Altman plots of repeatability of changes in SAC, PWV(A-F) PWV(F-D), AI, DC, IMT, FMD max and FMD min are shown in Figure  3 with repeatability coefficients also indicated. Mean values between visits were not significantly different for any of the measurements. There were no apparent trends in the differences between measurements for increasing values for any of the indices. Measurements of arterial structure and function 
Interrelationship between the indices
Linear regression analysis shows that all indices except for PWV(F-D) and FMD max were significantly correlated with age (Table 3 ). The linear plots for SAC, PWV(A-F), PWV(F-D)\PWV(A-F), AI, DC and IMT versus age are shown in Figure 4 . SAC, PWV(A-F) and AI, all indices of central arterial compliance, were significantly correlated with IMT over the range 0n45-0n85 mm (Table 3 and Figure 5 ). Figure 6 presents the diameter change of the brachial artery during the control pre-ischaemic period, and then every 20 s post ischaemia for 2 min, and at 3 and 4 min post ischaemia. Peak dilation was observed 60 s after cuff deflation and diameter alteration had still not returned to normal within the 4-min post ischaemia ( Figure 6 ). The percentage changes of brachial FMD, at 60-s post ischaemic release, measured during both systole and diastole, showed no significant differences between the two studies (Table 2 ; Figure 3 ).
Brachial artery FMD
Sample size calculation for clinical trials
Sample size tables were designed for IMT, SAC, PWV, carotid DC, AI and brachial FMD. The number of subjects to be included in cross-over and parallel group studies in clinical trials is given in Tables 4 and 5 . Distensibility coefficient  5  168  213  620  786  180  228  369  468  10  44  55  156  198  47  59  93  118  15  21  26  70  89  22  28  42  53  20  13  16  40  51  14  17  24  31  2 5  9  1 1  2 6  3 3  1 0  1 2  1 6  2 0  30  7  8  19  23  7  9  12  14  35  6  7  14  18  6  7  9  11  40  5  6  11  14  5  6  7  9 Flow-mediated dilation (max) Flow-mediated dilation (min)  5  168  213  346  438  164  207  278  353  10  44  55  88  111  43  54  71  89  15  21  26  40  50  20  25  32  41  20  13  16  23  29  13  15  19  23  25  9  11  15  19  9  11  13  16  30  7  8  11  14  7  8  9  11  35  6  7  9  10  6  7  7  9  4 0  5  6  7  8  5  6 6 7
DISCUSSION
In this group of 50 normal adult subjects, all measurements for the assessment of arterial structure and function, namely carotid IMT, SAC, PWV, AI, DC, and FMD, showed satisfactory repeatability when performed under similar conditions by the same team of two researchers 1 to 4 weeks apart. The indices with the best repeatability scores were AI, IMT and PWV(A-F). This study also examined the interrelationship of the different parameters of arterial function and structure. The repeatability of common carotid IMT, as measured by ultrasound technique, has been reported by a number of groups, as it has become an end-point for a large number of prospective trials [26, 32] . Ultrasound scanning was performed by one observer and in more than one direction in our study. The values of IMT were analysed as means of both sides of common carotid arteries. If a plaque was located at the site of IMT measurement plaque thickness was also included in the measurement of IMT. The intra-observer CV for common carotid IMT of 2n8 % in the study compares favourably with eight other reported studies (mean 5n1 %, range 2n7-10n6 %), including studies using edge tracking methods [26] .
Determination of SAC using the ' area ' method as suggested by Liu et al. [1] assumes a traditional twoelement Windkessel model and incorporates the entire systemic arterial tree. A previous smaller study on younger subjects showed a mean CV of approximately 10 % for SAC when measurements were repeated at short time intervals (1-2 h) [33] . Our findings indicate satisfactory repeatability of the measurements over a longer time interval (mean 2n5 weeks) in a normal adult population over a wide age range and are consistent with previous results published from our group in postmenopausal women [8] .
Measurement of PWV, the propagation speed of the pulse pressure wave, is a method frequently used to assess arterial compliance or elasticity [2, 3, 34] . Measurements of PWV provide indicators of arterial compliance on a regional basis only, but do not take into consideration the pressure dependence of arterial compliance [35] . In our laboratory, the foot of each pulse pressure wave was defined automatically thereby reducing the subjective bias involved in manual definition of the measurement point on each pressure curve. Measurement of PWV(A-F) was found to be highly repeatable. The RC was better than that reported by Asmar et al. [3] . The CV of 3n2% was much lower than the 9n7 % reported by Taquet et al. [2] who used a manual method. Repeatability of PWV(F-D) was less satisfactory in our study. This most probably reflects the effects of sympathetic nerve activity as the peripheral arteries have more sympathetic innervation which is postulated to be a critical factor affecting arterial compliance. Theoretically, smaller arteries are less distensible and capable of a greater degree of extrinsic control by sympathetic nerves. In addition, the difference in blood pressure between visits may be another factor.
The calculation of carotid AI using a customized computer program to define the augmentation point was done for the first time in this study. The correlation coefficient of carotid AI was the highest (0n98) and its CV the lowest (1n3 %) of all indices studied. Carotid AI is therefore a highly reproducible parameter, simple to measure, and a potentially useful indicator of central arterial stiffness. Carotid arterial compliance has been less frequently reported. Our results are similar to those of Gamble et al. [7] who used the same technique.
Brachial artery FMD as a non-invasive measure of human endothelium-dependent arterial response has been well characterized, with comparisons of responses at various fixed time intervals of 45-60 s post ischaemia with baseline diameter measurements [6, 22, 23] . The repeatability of FMD measured during diastole has been reported previously using a fixed time interval post ischaemic release [6, 37] . To determine the optimal point in the cardiac cycle for the analysis in the present study, arterial dilation was measured during both systolic and diastolic periods of the cardiac cycle at rest and for 4 min after cuff pressure release. There was satisfactory repeatability for FMD measured during both systole and diastole. The 60-s time point post ischaemia corresponded to peak arterial dilation. The mean percentage change of FMD at 60 s in visit 1 was 10n8 % for diastolic diameter response and 13n1 % for systolic diameter response. These FMD diastolic diameter responses are consistent with most previous observations [6, 21, 23, 37, 38] , but greater than those reported by some authors [39, 40] . Various genetic and environmental factors, including food intake, may account for the apparent blunted responses in some studies [41] . It has been suggested that the FMD systolic diameter response may be influenced by sympathetic activity resulting in more variability of this measurement [6] . In this study, however, repeatability of both systolic and diastolic measurements was similar (CV l 10n3 % and 10n8%; r l 0n73 and 0n70 respectively).
Age is a key determinant of IMT and arterial compliance : with advancing age, an artery wall thickens and becomes less distensible [42] . Arteriosclerosis describes changes in arterial wall properties where there is a thickening of the arterial intimal layer, a decrease in the ratio of elastin to collagen content, in the absence of changes in cellular lipid content. It is these changes that are predominantly responsible for the decreasing arterial compliance and increasing PWV with advancing age. Theoretically, all parameters of wall structure and arterial compliance should correlate with age. This was confirmed in the present study for all variables except for PWV(F-D). This may be because PWV(F-D) is under the influence of functional changes in smaller arteries which are less distensible than larger arteries and respond to a greater degree to increased sympathetic nerve activity. In addition, age-related changes are different in central and peripheral arteries. In the very young, central arteries have been shown to be much more compliant than peripheral arteries. With advancing age, the compliance of central arteries falls to a greater extent than that of peripheral arteries [42] . In keeping with this we observed an inverse correlation of PWV(F-D)\PWV(A-F) versus age.
Of all the indices examined, IMT arguably has the greatest potential as a surrogate marker of cardiovascular disease. IMT is influenced by all the major cardiovascular risk factors [15] , and correlates with the extent of coronary artery disease [16, 17] . Ongoing, long-term studies will define the true value of IMT in relation to traditional cardiovascular end-points.
The relevance of the various indices of arterial compliance in relation to cardiovascular disease is unclear. While intuitively it might be expected that changes in arterial compliance occur early in response to cardiovascular risk factors, and in the longer term this contributes to structural changes, this has yet to be proven for any of the indices of compliance. In the present study, all three indices of central arterial compliance, derived from different techniques, namely PWV(A-F), SAC and AI, were significantly correlated with IMT. This is consistent with the hypothesis that, over the long term, alterations in arterial compliance contribute to changes in arterial wall thickness.
There are now a number of studies that have examined the repeatability of common carotid artery IMT measurements [26] , and a few that have looked at this for FMD [23, 40] , but very few studies have provided estimates of the between-subject and within-subject S.D.s using the various measurements of arterial compliance. Sample size tables derived from our repeatability data are likely to be a helpful guide to other researchers considering clinical trials using these indices.
CONCLUSION
Under controlled experimental conditions there was satisfactory repeatability of all measurements of indices of both intrinsic and functional arterial mechanical properties. All indices except FMD max were correlated with age. FMD measured during systole and diastole gave results that were of similar repeatability, with maximum diameter changes occurring 60 s post ischaemia, although this measurement had the highest CV of all indices measured. All three indices of central arterial compliance [SAC, PWV(A-F) and AI] were significantly correlated with IMT, consistent with the hypothesis that long-term arterial structural changes may be induced by changes in arterial compliance. Sample size tables for clinical trials using these indices have been constructed.
